Membrane-bound particles called "quantasomes"' are found in shadowed2 or negatively stained3 chloroplast preparations examined in the electron microscope. The membrane-bound particles were considered to be integral components of the chloroplast electron transport system4 and were interpreted as morphological counterparts of photosynthetic units.5 Recently, it was demonstrated that the quantasome particles do not participate in photoreduction reactions.3 This statement is based on the observation that chloroplast membrane preparations treated with dilute ethylenediaminetetraacetate (EDTA) solutions gave particle-free membrane fractions showing undiminished rates of photoreduction relative to unextracted controls. In addition, the EDTA treatment of the chloroplast membranes solubilized a nonpigmented protein species, morphologically identical to the quantasome.
Membrane-bound particles called "quantasomes"' are found in shadowed2 or negatively stained3 chloroplast preparations examined in the electron microscope. The membrane-bound particles were considered to be integral components of the chloroplast electron transport system4 and were interpreted as morphological counterparts of photosynthetic units.5 Recently, it was demonstrated that the quantasome particles do not participate in photoreduction reactions.3 This statement is based on the observation that chloroplast membrane preparations treated with dilute ethylenediaminetetraacetate (EDTA) solutions gave particle-free membrane fractions showing undiminished rates of photoreduction relative to unextracted controls. In addition, the EDTA treatment of the chloroplast membranes solubilized a nonpigmented protein species, morphologically identical to the quantasome.
Several laboratories6-8 have already reported that EDTA extraction of chloroplast membranes causes an uncoupling of photophosphorylation from electron transport, and that the supernatant solutions obtained in these extractions contain a "coupling factor" and a Ca++-dependent adenosine triphosphatase (ATPase) activity.
It was, therefore, the purpose of this study to determine if the isolated particle, separated from the membranes with EDTA, and complying with the description of the quantasome,4 was capable of ATPase activity and of reconstituting photophosphorylation in uncoupled chloroplast membrane preparations. To this end, the isolated quantasomes were separated and morphologically distinguished from the more abundant particulate species, which contains carboxydismutase. The quantasome particle was purified from other chloroplast phosphorylation activities and characterized in terms of its sedimentation coefficient, substructure, and enzymatic activities. The evidence presented below demonstrates that the purified quantasome particle functions in the dark stage of photophosphorylating events. Materials andMethod8.-Exceptwhere indicated, all procedures were carried out at 1°C. Chloroplast membrane preparations were handled under dim light conditions. Isolatwn of chioroplast fractions: Chloroplasts were isolated from 750 gm of spinach leaves by a method modified from that of Hind and Jagendorf.9 The chloroplasts were extracted with distilled water and subsequently with 1 mM EDTA, as described elsewhere.3 18 Water and EDTA-wash supernatant solutions were adjusted to 5 mM dithiothreitol (DTT) and 10 Photophosphorylation experiments: Photophosphorylation assays were performed according to the method of Hind and Jagendorf.9 This assay measures the incorporation of pi32 into charcoal-adsorbable products, and provides for a separation between light and dark reaction stages. Addition of 0.5 jmole CaCl2 to the dark reaction mixture represents a modification of the original assay procedure. 9 The light reaction mixture was drawn into a 1-ml glass syringe mounted before an unfiltered 500-watt tungsten light source. At t = 0 sec, the light reaction mixture was exposed to 30 see illumination (1660 ft-c). At t = 30 sec, the mixture was injected into a test tube containing the dark reaction mixture. At t = 60 sec, the reaction was stopped by the addition of 0.2 ml of 20%7O trichloroacetic acid. In reconstitution experiments, enzyme was added to the light reaction mixture before illumination (t = 0 see), or was added to the dark reaction mixture immediately following illumination (t = 30 see).
The charcoal-adsorbed products of the Pi12 esterification were determined by elution from the charcoal with 50% EtOH-2% NH40H and paper electrophoresis of the eluate.
Electron microscopy: Preparation of samples and electron microscopy were carried out as previously described. 3 Results and Discussion.-Electron microscopy of chloroplast membrane fractions: Water-washed chloroplast membrane fractions visualized in the electron microscope by shadow-casting or negative staining showed membrane-bound particles arranged in random arrays3 and, infrequently,3 4 in paracrystalline arrays (Fig. 1) recent interpretation of the size for a single quantasome particle.3 In paracrystalline arrays (Fig. 1) , the quantasome particles exhibit a rectangular periodicity with a center-to-center separation of 180 X 150 X.
Recent experiments have demonstrated that the presence of the quantasome particle in chloroplast membrane fractions is not a necessary condition for photoreduction activity. 3 In that study, quantasome-free membranes, fully active in indophenol Hill reactions, were prepared by a sequence of water and EDTA washes of chloroplasts, followed by isopycnic centrifugation of the membrane fractions in sucrose gradients.
Release and purification of particulate enzymatic activities from chloroplast membrane fractions: To identify the enzymatic activity of the membrane-bound particle, the release of phosphorylating and C02-fixing activities from chloroplast membranes was followed through the sequence of water and EDTA washes. Comparisons of total activity in supernatant solutions or of specific activity in sedimented membrane fractions were made for the following activities: carboxydismutase, ATP-ADP exchange, Ca++-dependent ATPase, and Mg++-dependent ATPase.
From the sequence of water and EDTA washes, it was found that 80-90 per cent of the total solubilized protein was released from the membranes by three water washes. The remaining dissociable protein was released from the membranes by two 1 mM EDTA washes. With one water wash, 84 per cent of the total carboxydismutase activity of the intact chloroplasts was released into the supernatant solution, and after three water washes a total of >90 per cent of the original activity was released. Less than 0.4 per cent of the intact chloroplast carboxydismutase activity resided in the membrane pellet after two further washes with 1 mM EDTA. With three water washes of the chloroplast membranes, only 30 per cent of the recoverable Ca++-dependent ATPase was solubilized. The remaining recoverable Ca++-dependent ATPase was found in the 1 mM EDTA-wash supernatant solution. The Mg++-dependent ATPase and ATP-ADP exchange activities were readily solubilized by water washes.
Partial resolution of the enzymatic activities solubilized by 1 mM EDTA from chloroplast membranes was obtained by sucrose density gradient centrifugation of the EDTA-wash supernatant solutions. The gradient profile of total protein (Fig. 2 ) demonstrated two major protein peaks, one in fraction 3 coincident with the maximum carboxydismutase (I) activity, and one in fractions 6-7 coincident with the maximum Ca++-dependent ATPase (II) activity. Sedimentation coefficients were calculated from the protein peaks assuming p (partial specific volume) = 0.730 ml/gm for both carboxydisniutase (1)16 and the Ca++-dependent ATPase (II).
For carboxydismutase (I), 820,w = 17.5 (515,000 mol wt16), and for the Ca++-dependent ATPase (II), s2O-= 12.7 (350,000 for estimated mol wt).
The ATP-ADP exchange (III) and Mfg++-dependent ATPase (IV) activity maxima were found in fractions 14 and 16, respectively (Fig. 2) . MIg++-dependent ATPase, an operational term used to describe fraction (IV), may be the residual expression of adenylate kinase activity also found in that fraction. Sedimentation coefficients were calculated relative to that of the Ca++-dependent ATPase (II). For the ATP-ADP exchange (III), sreI = 7.0, and for the Mg++-dependent ATPase (IV), Srel = *5.5. Acrylamide gel electrophoresis profiles of supernatant solutions from the water and EDTA-wash sequence were compared (Fig. 3) to profiles obtained by electrophoresis of fractions from the sucrose gradient exhibiting maxima in enzymatic activities (Fig. 2, inset) . Carboxydismutase (I), purified through the gradient, appeared in the gels as a single, slow-migrating, homogeneous baled. The Ca++-dependent ATPase (II) fraction also appeared as a single band, migrating slightly faster to the anode. The ATP-ADP exchange activity (III) and the Mg++-de- pendent ATPase (IV) were rather heterogeneous, but each displayed a dominant band. The supernatant of the first water wash of chloroplast membranes (A) showed one major band (Fig. 3) coincident with the band of purified carboxydismutase (I). The supernatant of the subsequent wash in 1 mM EDTA (B) showed a different major band, coincident in migration with the purified Ca++-dependent ATPase.
Uncoupling of photophosphorylation: Three water washes of chloroplast membranes reduced photophosphorylation activity by only 5 per cent. A decrease in activity of 85 per cent, correlated with release in Ca++-dependent ATPase activity, resulted from a subsequent wash in 1 mM EDTA (cf. ref. 7) .
Electron microscopy of isolated particles: The Ca++-dependent ATPase (II) fraction in negatively stained preparations (Fig. 4C, D) appeared identical to the negatively stained quantasomes on membranes in the random array3' 4 or paracrystalline array. Like quantasomes, the isolated particles approximated 100 A squares. When viewed from the surface exhibiting a central depression, the particle appeared as a 5-or 6-sided polygon with subunits comprising the vertices. The dimensions and the appearance of subunits of the isolated particle were consistent with the structure of many quantasomes found on water-washed chloroplast membranes.
The particles found in the carboxydismutase (I) fractions (Fig. 4A, B ) looked quite similar to particles in the Ca++-dependent ATPase (II) fraction. Both particles approximated squares and both displayed a central depression. The particles differed in that the carboxydismutase (I) was markedly cuboid and was larger than the Ca++-dependent ATPase (II). The carboxydismutase (I) particle measured 120 OA on an edge, in agreement with measurements by Haselkorn et al. '7 for fraction I protein.
ATP-ADP exchange (III) and 1\Ig++-dependent ATPase (IV) fractions were considered too heterogeneous for electron microscopy. Only small particulate structures 1/3_1/4 the size of the Ca++-dependent ATPase (II) particles were observed in these fractions. Reconstitution of photophosphorylation with Ca++-dependent ATPase fraction: Restoration of photophosphorylation in uncoupled chloroplast membranes was achieved by combining EDTA-treated membranes with the Ca++-dependent ATPase (II) fraction. Prior to reconstitution experiments, the Ca++-dependent ATPase (II) fraction had been extensively dialyzed to remove dithiothreitol, the sulfhydryl reagent used to stabilize the hydrolytic activity of the enzyme.
Reconstitution experiments with the Ca++-dependent ATPase (II) fraction indicate that there is an optimum in the amount of enzyme added to restore photophosphorylation to EDTA-uncoupled chloroplast membranes (Fig. 5) . Further, a plot of the dependence of specific activity (reconstituted photophosphorylation activity/amount enzyme added) on the amount of enzyme added (Fig. 5) shows that there is a decrease in the specific activity with increasing amounts of enzyme added, even at low enzyme concentrations where the amount of p,32 esterified is proportional to enzyme concentration. The decrease in specific activity at low enzyme concentrations and the decrease in observable p,32 esterification at higher enzyme concentrations argue that addition of the enzyme provides a competing ATPase activity. This was found despite the observation that the enzyme prep- I.G ENZYME ADDED Temperature = 30C.
aration had lost more than 95 per cent of its Ca++-dependent ATPase activity under normal assay conditions at the time of reconstitution due to the removal of dithiothreitol by dialysis.
The intervention of the ATPase activity in the reconstitution experiments was further demonstrated by utilizing the strong temperature-dependence of the Ca++-dependent ATPase (II) activity. In Table 1 the Ca-+-dependent ATPase (II) activity increased nine-fold from 40 to 220C, while photophosphorylation of the normal coupled system showed less than a two-fold increase from 40 to 220C.
Contrary to the normal coupled system, the reconstituted system showed a marked decrease in P,32 esterification at 220C, an activity which was far less than the uncoupled system.
The capacity of the fractions obtained by sucrose density gradient purification to reconstitute photophosphorylation was examined under conditions optimal for reconstitution by Ca++-dependent ATPase (II). Table 2 illustrates that maximum reconstitution was produced by the Ca++-dependent ATPase (II) fraction which gave reconstitution to 72 per cent of the normal coupled activity under the same conditions. The ATP-ADP exchange (III) fraction produced 17 per cent reconstitution, and the Mg++-dependent ATPase (IV) fraction 13 per cent.
Reconstitution of photophosphorylation in light and dark stages: An experiment was designed to determine if the photophosphorylation activity of the Ca++-dependent ATPase (II) fraction in the reconstituted system was operative in the lightdark stages or in the dark stage alone. In this experiment the enzyme was added to the light reaction mixture immediately before illumination (t = 0 see), or the enzyme was added to the dark reaction mixture immediately after completion of illumination and simultaneously with the addition of the light reaction mixture (t = 30 see). Table 3 indicates that optimum reconstitution was obtained regardless at which stage of the reaction the enzyme was added. The enzyme, therefore, is needed only for the dark stage of the reconstituted reaction, and, further, the enzyme probably does not affect the quantity or availability of XE formed in the light reaction.
Conclusions.-The possible function of the quantasome particle in photophosphorylation was explored in these experiments since the proposed photoreduction activity2 of the membrane-bound particle has not been supported by experimental observations.3 Arguments for an electron transport function of the particle in the Hill reaction have been inferential-the principal observation being that a chloroplast membrane preparation with photoreduction as one of its activities shows in the electron microscope membranes with bound quantasomes.2 4
Based on the results of the present experiments, the tentative conclusion can be drawn that the quantasome particle is a protein or protein aggregate which exhibits both a coupling factor and a DTT-stimulated, Ca++-dependent ATPase activity. The Ca++-dependent ATPase activity is contained in the most abundant protein species released by the EDTA treatment which strips chloroplast membranes of bound particles. The purified particle with Ca++-dependent ATPase activity appears as a 100 A structure in the electron microscope with subunit characteristics identical to the quantasome.
The reconstituted photophosphorylation experiments with the separated light and dark stages demonstrate that the activity of the reconstituting particle is expressed in the dark reactions of photophosphorylation. Thus, it is improbable that the particle participates in light-activated electron transport activities and in the formation of the high energy state of the chloroplast membranes, termed XE-9 The particle-mediated reaction is visualized as a terminal phosphorylating step, possibly a simple reversal of the ATP hydrolysis reaction driven by XE: ADP + XPs Pi -+ ATP. Because of the experimentally determined activity of the 100 A membranebound particle, the term "13s Photophosphorylase" is recommended in lieu of the term "quantasome."
Summary.-The quantasome particle from spinach chloroplast membranes has been isolated and characterized in terms of its structure and enzymatic properties. The isolated particle approximates a 100 A square and has a sedimentation coefficient of ca. 13s. The membrane-bound particle is not a participant in photoreduction reactions, but, after isolation, shows a Ca++-dependent ATPase activity. The particle is separable from carboxydismutase, ATP-ADP exchange, and Mg++-dependent ATPase activities by gradient centrifugation. The particle reconstitutes the dark stage of photophosphorylation in uncoupled chloroplast membrane preparations.
